In the energy domain of 1-2 G V kinetic energy per nucleon, HADES has measured rare and penetrating probes in elementary and heavy ion collisions. Our results demonstrate that electron pair emission in C+C collisions can essentially be explained as a superposition of independent N+N collisions. HADES results on + − production in Ar+KCl collisions, however, show a strong enhancement of the dilepton yield relative to a reference spectrum obtained from elementary nucleon-nucleon reactions, signal the onset of medium effects beyond the superposition of individual N+N collisions. Intriguing results where also obtained from the reconstruction of hadrons with open and hidden strangeness. Analyses of the experimentally obtained hadronic yields measured in Ar+KCl allows to extract the chemical freeze-out conditions in the T -µ B phase diagram of strongly interacting matter. While the measured abundance of all reconstructed particles are well described assuming thermalization, the also reconstructed double strange baryon Ξ − appears about ten times more abundant than expected. This result will be discussed in the context of the exploration of the nuclear matter phase diagram in the region of finite density. Further investigations to search for significant medium effects, will be followed over the coming years with an upgraded HADES detector. 
Introduction
Over the last decades a lot of effort has been devoted to the study of nuclear matter far from its ground state. The goal of this initiative is to explore the phase structures of strongly interacting matter, which is governed by the laws of Quantum Chromo Dynamics (QCD), by creating extreme states of matter in the laboratory. Experiments deal with various types of beams ranging from photons and leptons to relativistic heavy ions. High-energy heavyion collisions provide a tool to study strongly interacting matter under extreme conditions, i. e. densities and temperatures. A qualitative picture of the phase diagram of nuclear matter as a function of temperature (T ) and baryochemical potential (µ B ) is shown in Fig. 1 .
In general, at low T and µ B , quarks and gluons are bound to colorless objects, called hadrons. At moderate temperatures and densities matter exists as hadron gas. As ter including data points in T and µ B describing the final state hadron abundances in a statistical hadronization model [1] . The expectation value of the chiral condensate relative to the vacuum is depicted as shaded region a . Substantial depletion of the chiral condensate is conjectured already in the region of the chemical freeze-out shown by the data points connected by a trend line illustrating the universal behavior. T and/or µ B increase hadrons occupy more and more of the available space and thus start to overlap. The initially confined quarks might start to percolate thus creating new degrees of freedom other than hadronic ones. Such a state is characterized by deconfined quarks and gluons and is hence named Quark-Gluon Plasma (QGP). The present expectation is that the transition from the QGP to the hadronic phase is of first order in the region of large baryochemical potential. For a first order phase transition a coexistent phase should exist where droplets of deconfined matter embedded in a gas of hadrons characterize the phase. Towards smaller baryochemical potentials the coexistence phase terminates in a critical point [2, 3] . At even smaller baryochemical potential lattice QCD predicts a smooth crossover between the two phases [2] . At finite temperature and density the existence of a new phase of QCD, called quarkyonic matter, has recently been suggested [4] [5] [6] . The concept of a chirally symmetric but still confined phase is currently subject to theoretical debate and remains to be addressed experimentally. At high beam energies the chemical freeze-out line is believed to mark the boundary between the hadronic gas phase and the phase of free quarks and gluons. At moderate and low bombarding energies this line has recently been proposed to be the boundary between the hadronic phase and quarkyonic matter. Since a phase transition from quarkyonic to hadronic matter would act as a thermaliser, the experimental approach is to study the hadronic freeze-out configuration in terms of statistical model.
The HADES experiment aims to explore strongly interacting matter at high net-baryon densities and moderate temperatures using rare and penetrating probes. Among the promising observables are virtual photons materializing by formation of lepton pairs inside the hot and dense matter. Such purely leptonic final states carry important information about the decaying objects to the detectors without being affected by strong final-state interaction while traversing the medium. The sensitivity of strange particle production to the properties of dense matter is also enhanced if the beam energy is below the strange particle production threshold energy in nucleon-nucleon collisions.
Probing compressed nuclear mater with virtual photons
Because of their penetrating nature, dileptons provide direct access to the properties of light vector mesons in dense and/or hot matter. Vector mesons couple directly to (real or massive) photons which carry undistorted spectral information from the interior of strongly interacting systems to the detector. Experimentally measured dilepton invariant-mass spectra in heavy-ion collisions offer the unique opportunity to directly monitor the in-medium electromagnetic spectral function. Recent experiments have made large progress in extracting so-called "excess" dilepton spectra. An enhanced yield of low-mass lepton pairs above contributions from decays of long-lived mesons was found in central heavy-ion collisions at SPS and RHIC energies [7, 8] . This observation has triggered a large theoretical activity aimed at understanding inmedium hadron properties and the emission of virtual photons from deconfined matter.
At beam energies of 1 -2A G V di-electron production was studied by the DLS 1 collaboration at the Bevalac [9] . A large di-electron "excess" over the hadronic cocktail was observed in C+C and Ca+Ca collisions. The excess of electron pairs in C+C collisions was investigated by the HADES experiment for beam energies of 1 and 2A G V [10, 11] . It was demonstrated, that the yield measured by HADES and filtered with the DLS acceptance coincides with the DLS data for the collision system C+C at 1 A G V. Moreover, the beam energy dependence of the excess yield is found to be identical to the excitation function of pion production. This fact provides a hint to 1 DiLepton Spectrometer the possible origin of the excess yield; pion production at these low energies is known to be dominantly coming from the excitation and decay of baryonic resonances (mainly the ∆(1232) resonance). Support for this conjecture comes also from theory [14] . Quantitative descriptions of heavy ion collisions indicate that due to the stopping a high baryon density of up to two times nuclear ground state density is achieved in the center of the collision zone at bombarding energies of a few G V per nucleon. The accompanying temperatures, a quantity not rigourously defined since the thermalization criterium is not necessarily fulfilled when reaching the highest densities, are around T = 80 -100 M V. Therefore, the dominant medium radiation should be driven by nucleons and baryonic resonances in the system.
Besides the resonance decays, a strong bremsstrahlung contribution in n+p interactions has also been predicted within the framework of a covariant OBE 2 model [15] [16] [17] . The quantitative description of these processes in models, however, is difficult. Furthermore, the question whether the observed excess of dileptons is related to any in-medium effect remains open, because of uncertainties in the description of elementary di-electron sources. To contribute to a better understanding of the contributions to di-electrons from the early stage of heavy-ion collisions, HADES has studied p+p and d+p interactions at E = 1 25 G V, i.e. below the η meson production threshold in proton-proton reactions [12, 13] . Our data demonstrate a very strong isospin dependence of the dielectron production. It is important to mention that subtle interference effects combined with a resonant behavior of the transition form factor due to Vector Meson Dominance could introduce a strong energy dependence. With those effects the tuned OBE calculations [17] can reproduce n+p data reasonably well. In view of this strong isospin dependence of the dilepton yields in N+N collisions the questions arises, whether the C+C data can be explained by a superposition of individual N+N collisions. An elementary reference spectra was generated representing the di-electron emission probability per produced neutral pion for isospin averaged N+N collisions and compared with di-electron yields from C+C collisions at 1 and 2A G V incident beam energies. The result is shown in Fig. 2 (left panel). In the mass region up to 0.5 G V/ 2 all three spectra coincide within a systematic uncertainty of about 25%. Above this mass, the spectral distributions differ essentially due to different phase space limitations of the various collision energies. This result suggests that the 2 One Boson Exchange di-electron yields from C+C reactions do not contain substantial contribution from a dense nuclear medium. In contrast, a direct comparison of the N+N reference spectrum with the invariant-mass distribution measured in Ar+KCl collisions at 1.76A G V shows a pronounced yield enhancement in the "excess" region, pointing to a nonlinear dependence on the number of participants [18, 19] . This is demonstrated in Fig. 2 (right panel) . Furthermore, for the first time at SIS18 energies, a clear ω signal could be observed in heavy-ion collisions, quantified and compared with the prediction of a statistical hadronization model [19] . This result allows to put tight constraints on vector meson production in heavy-ion collisions at beam energies of a few GeV. Yet another, experimentally unresolved question, is related to the cold nuclear matter effects [20] [21] [22] . To contribute to this topic, the ω meson has been produced and identified in dedicated experiments, investigating the p+p and p+Nb reactions at 3.5 G V. The measured lepton pair distribution shows a clear ω peak with a mass resolution of just 15 M V/ 2 and practically free of combinatorial background [23] . For the first time the inclusive production cross sections for π 0 , η, ρ and ω mesons were determined from di-electron spectra. Besides that, the upper bound for the direct η → + − decay was improved by a factor of about 6 compared to the value found by other experiment [24] . p+p spectra will serve as a reference to search for in-medium modifications of vector meson spectral functions in cold nuclear matter.
Comparison with statistical hadronization
With the HADES detector we have investigated in great detail the collision system Ar+KCl at 1.76A G V, thus reconstructing in one system the up to now most complete set of particle species in the 1-2A G V energy regime. These results allow for a stringent test of various phenomenological models, in particular the statistical hadronization models. Statistical hadronization models (SHM) have been quite successful in fitting particle yields from heavy-ion collisions [26, 27] . With the help of SHM fits it has been possible to systematically reconstruct the chemical freeze-out line in the T -µ B plane of the nuclear phase diagram, with T being temperature and µ B the baryochemical potential at chemical freeze-out (see e.g. [1] ). At energies of a few GeV, however, the validity of the SHM models is not firmly established since it still remains unclear whether a chemical equilibrium can be reached and therefore the question arises whether a statistical treat- p+p and quasi-free n+p reactions. The expected contributions from η Dalitz decay has been subtracted. All yields are normalized to neutral pion production. The respective production yields has been derived from the also measure charged pion production. The insert depicts the ratio of yields from C+C to elementary reactions. Right: Comparison of the reference spectrum from N+N collisions with the reconstructed + − mass distribution in Ar+KCl. The reference spectrum has been corrected for the differences in lepton pair acceptance.
ment of particle production is at all meaningful. The situation is further complicated by the need for strangeness suppression which is indeed handled differently in the various implementations of the SHM.
As an extension of our work presented in [28] we have fitted thirteen particle yields obtained from the Ar+KCl run with a statistical hadronization model (see Fig. 3 ). We have chosen the SHM implemented in the freely available THERMUS code [29] . It uses the mixed canonical ensemble, meaning that strangeness is exactly conserved while energy and baryon number are calculated grandcanonically, i.e. conserved on average only. Additional strangeness suppression is introduced by a strangeness correlation radius, R , within which strangeness has to be conserved exactly. All particle yields are fitted simultaneously, except for the Σ ± yield which has not been independently measured, but calculated from the multiplicities of all other particles containing strangeness by making use of a strangeness balance relation. The model takes the proper quantum statistics of each particle as well as the finite width of resonances into account. The charge chemical potential µ Q is furthermore constrained by the ratio of the baryon and charge numbers of the collision system, leading in total to four free fit parameters: T , µ , R and R. Fitting our data, we obtain the chemical freeze- Fig. 3 , while its lower part of depicts the ratio of data and fit. All measured particle yields, except for the η 3 and the Ξ − , are remarkably well described, considering the fact that semicentral collisions of a medium sized collision system are used as input. Note, however, that the Ξ − yield shows a strong enhancement over thermal production.
The Ξ − hyperon and catalytic strangeness production
According to the strangeness suppression mechanism implemented in SHM, the double-strange Ξ − (S=2) should be suppressed strongly with respect to the φ with its hidden strangeness (S=0). Nevertheless, the measured Ξ − 3 The yield of the η meson has been interpolated from TAPS measurements done at 1.5 and 2.0A GeV [26] ; it was not included in the fit. yield is of the same magnitude as the one of the φ, i.e. the data show no indication for any strangeness suppression. This is very surprising since the Ξ − yields observed above threshold at RHIC [30] , at SPS [31] and even at AGS [32] are consistent with statistical model fits. In fact the same secondary pion-hyperon process π + Y → φ + Y , which was invoked by Kolomeitsev and Tomasik [33] to explain the enhanced φ yield, can here be the origin of the high Ξ production via the reaction π + Y → Ξ + K . These catalytic processes are not suppressed by the OZI rule due to the presence of a strange quark in the initial state of the reaction. To get a better understanding, one may have to move away from the SHM. The probability for the production of two pairs in one collision P 2 , assuming that both pairs are independently created, is given as the square of the single-pair production probability P . Keeping associated production in mind, P can be estimated as the combined multiplicity of all particles that carry a strange quark, respectively the combined multiplicity of all antistrange particles, i.e. K + + K 0 + φ, yielding P 0 05 and hence P 2 0 0025. Considering that the observed Ξ − yield is in fact only an order of magnitude smaller, we conclude that in 10% of these events both quarks end up together in a Ξ − , whereas from strangeness suppression in the SHM one obtains less than 1%. The question is why the probability that both quarks end up in one particle is higher than the statistical expectation. A possible scenario which could explain this observation is the formation of overlapping baryons and percolating quarks 4 . If such a system exists long enough the different quark flavors fill up potential wells, analog to protons and neutrons in a nucleus. In order to minimize the energy of the system the strange quark potential well will be filled up by transforming light quarks to strange quarks via the weak interaction. However since the life time of the system is only at magnitudes of the strong interaction a different process must drive the filling of the strange quark well.
A candidate for such a process can be interactions of the constituent quarks with the surrounding meson cloud of virtual ¯ pairs. A light constituent quark can then be blasted out of the system together forming a kaon with an¯ quark, while the corresponding s quark falls into the strange quark potential well. If such bags become big enough this process is likely to happen more than once. If the system evolves further in time and cools down, it breaks a part. Under the assumption that this process is dominant for strangeness production, the probability for double strange particle production is enhanced over statistical production. Note that a different realization of the SHM using the strangeness canonical ensemble and the multiplicative strangeness suppression factorγ for additional strangeness suppression delivers comparable freeze-out parameters, but fails to reproduce the φ multiplicity by an order of magnitude due to its suppression with γ 2 .
Chemical vs. kinetic freeze-out
The systematics of the inverse-slope parameter T obtained from Boltzmann fits to the − 0 spectra for the different particle species as a function of their masses to the temperature T obtained for the chemical freezeout using the SHM are compared in the left side of Fig.  3 . Two trends are visible; while particles containing strangeness are showing a rather flat behavior with increasing mass, the non strange particles show a linear rise with increasing mass. The latter one can be parameterized as a kinetic freeze out temperature T plus a linear term in particle mass which is related to the radial expansion according to:
The obtained kinetic freeze out temperature for non strange particles T = 72±6 MeV nicely agrees with the chemical freeze out temperature obtained from the SHM fit T = 73 ± 3 MeV. Apart from the K − , which will be discussed in more detail in section 4.1, the kinetic freeze out temperature of strange particles seems to be higher, reflecting the need for strangeness suppression in the SHM. The rather flat behavior with increasing mass indicates that strange particles do not participate in the radial expansion, due to their lower reaction cross sections, as discussed in [34] . While at SPS energies, after the sudden drop in T for masses larger than the proton mass, particles show a flat behavior, at RHIC energies a slight rise of T after the drop is observed and interpreted as a sign for flow development in a partonic phase [34] . However the observation of a sudden drop for masses again larger than the proton mass observed in the inverse slope of dimuon spectra is interpreted as a sign for radiation from a partonic phase described in [35] .
The different freeze out criteria of charged kaons
A pure Boltzmann shape can be distorted by various effects, like collective motion or early vs. late particle decays. One example is apparent in the difference between the K + /K 0 and K − slopes. The much lower value of T of the K − has often been interpreted as due to its much later freeze-out time [36] neglecting the admixture of soft K − stemming from φ decays. Using the event generator PLUTO [37] we generate a cocktail of K − arising from the decay of thermal φ mesons according to the measured inverse slope of T φ = 84 ± 8 MeV and a thermal source of T K − = T K + = 89 ± 1 ± 2 MeV corresponding to the measured inverse slope for the positive kaons under the assumption that this two contributions are fully dominating the K − spectra and yield. In order to get realistic particle ratios we normalize the rapidity density distributions of the thermal K − and the ones resulting from a φ decay according to the measured φ/K − ratio. In the next step the transverse mass distributions around mid-rapidity are scaled in accordance to the rapidity density distributions. A Boltzmann fit according to 1
is applied in the HADES − K acceptance range 0-
in the same way as it was done for the HADES data. The inverse slope parameter of the K − cocktail is found to be T K − = 74 MeV and agrees within errors with the experimentally obtained value of T K − = 69 ± 2 ± 4 MeV, leaving little room for possible differences in slope due to different freeze-out conditions. For K + the effect is negligible due to the much higher production yield, mainly from additional production channels as NN → NΛK + . For more details see [38] . This effect is similar to the one observed for pions where 2 different slopes can be extracted from the transverse mass distributions. Here it is generally accepted that the origin of the smaller slope is the decay of a ∆ resonance into Nπ.
Résumé and prospects
HADES provides high-quality data for an understanding of the di-electron and strangeness production in elementary and heavy-ion collisions at SIS energy regime. The previously puzzling di-electron excess in the intermediate mass range observed in C+C collisions at 1 and 2A G V can be described by a superposition of elementary p+p and n+p collisions. The excess has been traced back essentially to effects present already in n+p collisions.
The Ar+KCl experiment provided data for a moderately large collision system, allowing to continue our studies of dilepton production started with the light C+C system. Dilepton spectra measured in Ar+KCl collisions show a significant in-medium radiation in the "excess" region. Moreover, for the first time at SIS energies, a clear ω → + − signal was observed in heavy-ion colisions. Analyses of the experimentally obtained hadronic yields measured in Ar+KCl collisions at a beam energy E = 1.76A G V have shown that the data can be well reproduced within statistical model (except in the case of the Ξ − ) allows to fix chemical freeze-out coordinates in T − µ B phase diagram of strongly interacting matter.
The HADES di-electron program will be continued towards larger collision systems and to higher energies, where the net-baryon densities are substantially higher and the in-medium effects are expected to be more pronounced. In particular, the systematic investigation of the multi-differential emission probability of dileptons will provide unique inside into the microscopic properties of matter under extreme conditions and can signal chiral and/or deconfinement phase transitions.
A major improvement of the spectrometer in terms of granularity and particle identification capability is achieved now with the new RPC time-of-flight detectors. The data acquisition was fully replaced introducing a modular sys-tem integrating trigger distribution, data transfer and a slow control data traffic to a single optical link. A new data acquisition system provides a band width of up to 500 MByte/s data rate, which translates to around 20 kHz Au+Au reactions depending on trigger conditions. The goals of the upcoming experiments is to complete the systematic studies on low-mass dilepton and strangeness production with respect of system size and beam energy.
